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The relative decrease in cardiac output with ventricular 
pacing versus "physiologic" modes was measured non-
invasively using Doppler echocardiography in 26 pa-
tients. Standard echocardiographic measurements ofteft 
ventricular size (diastolic diameter), left yentricular 
function (shortening fraction) and left atrial size were 
examined to determine which of these variables might 
best identify patients more likely to benefit from main-
tenance of atrioventricular (A V) synchrony. Decreases 
in relative cardiac output, expressed as reduction in the 
Doppler-derived flow velocity integral, with loss of A V 
synchrony ranged from 0 to 43% (mean decrease 21 %). 
There was no correlation between left ventricular size 
The increasing use of multiprogrammable pacemakers, in-
cluding "physiologic" dual chamber devices, emphasizes 
the need for a reliable noninvasive method by which hemo-
dynamic response to different pacing modes can be assessed 
in the individual patient. Although the potential hemody-
namic advantages of maintaining atrioventricular (A V) syn-
chrony are well known (1-10), some individuals receive 
greater benefit than others from atrial contribution to cardiac 
output (11-16). However, the need for invasive hemody-
namic monitoring to determine the degree of benefit in the 
indivIdual patient limits the usefulness of this assessment. 
Recent advances in Doppler technology have made it 
possible to measure cardiac output noninvasively and ac-
curately assess beat to beat changes in stroke volume (17-23). 
The purpose of this study was to determine 1) the usefulness 
of Doppler echocardiography in the hemodynamic evalua-
tion of optimal pacing modes in the individual patient, and 
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or function and effect of pacing mode on relative cardiac 
output. There was, however, correlation between left 
atrial size and sensitivity to pacing mode. 
Patients with normal left atrial size were significantly 
more sensitive to loss of A V synchrony. In this subgroup, 
the decrease in flow velocity integral with ventricular 
pacing was 32 ± 11 % compared with only 11 ± 13% in 
patients with left atrial enlargement. Thus, Doppler 
echocardiography is useful in assessing optimal pacing 
mode in the individual patient. Echocardiographically 
measured left atrial size may identify patients in whom 
phYSiologic pacing may be of major benefit. 
(J Am Coll CardioI1985;6:196-200) 
2) the echocardiographic variables that best identify patients 
in whom physiologic pacing may be of major hemodynamic 
benefit. 
Methods 
Study group. The study group comprised 26 adult pa-
tients who either had a recently implanted multiprogram-
mabIe pacemaker or were being evaluated for suitability to 
receive a dual chamber device. There were 19 men and 7 
women with a mean age of 61.5 years (range 35 to 70). 
Only patients with underlying sinus rhythm were included 
in the study. Nineteen patients had an implanted device, 
while 7 patients were studied during invasive electrophys-
iologic testing with temporary atrial and ventricular leads 
in place. There were 14 patients with coronary artery dis-
ease, 3 patients with congestive cardiomyopathy and 4 pa-
tients with isolated A V block; 2 patients were post mitral 
valve replacement, 1 patient was post aortic and mitral valve 
replacement and 2 patients were post cardiac transplantation. 
Pacemaker implantation or evaluation was performed be-
cause of A V block in 14 patients, sick sinus syndrome in 
7, bradycardia with ventricular arrhythmia in 2 and eval-
uation of symptoms in 3. Ten of the 26 patients had signs 
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"Physiologic" Ventricular 
Pacing Mode 
Figure 1. Comparison of flow velocity integrals obtained in each 
of the 26 patients during "physiologic" (dual chamber) pacing 
versus ventricular pacing at identical heart rate, These results re-
flect a mean reduction in flow velocity integral (FVI) (stroke vol-
ume) of 21%, 
or symptoms consistent with congestive heart failure at the 
time of the examination, 
Doppler echocardiographic studies. All Doppler echo-
cardiographic studies were performed using a phased-array 
echocardiographic Doppler system (lREX IIIB or Merid-
ian), These units are capable of simultaneous imaging and 
acquisition of Doppler information by the use of a time-
sharing relay. This feature was routinely used to verify fixed 
sample volume placement when comparing different pace-
maker modes. 
Three sites (ascending and descending aorta from the 
suprasternal notch and left ventricular outflow tract from 
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the cardiac apex) were evaluated before the pacing studies, 
to choose the optimal window from which Doppler studies 
would be performed. The three major criteria for selection 
of the optimal window included 1) technical ease in ob-
taining a signal, 2) lack of significant respiratory effect, and 
3) least spectral dispersion in the recorded Doppler velocity 
envelope. Recordings were then made at paper speeds of 
50 to 100 mmls with both ventricular and physiologic pacing 
over a wide range of heart rates (60 to l20/min) and A V 
delay settings (50 to 250 ms). The area under the Doppler 
spectral velocity recording was then digitized using a com-
puter analysis system (Franklin or Digisonics) to calculate 
the flow velocity integral using the average of 3 to 5 beats. 
These flow velocity integrals, which are directly propor-
tional to stroke volumes, were then compared in different 
pacing modes at identical heart rates. The use of the flow 
velocity integrals allows comparison of relative changes in 
stroke volume and cardiac output in the individual patient 
without introducing the potential error of measurement of 
the cross-sectional area of the aorta, and is related to stroke 
volume by the following equation: Stroke volume = flow 
velocity integral x cross-sectional area. This relation has 
been previously validated in this laboratory (23). 
Left ventricular size and shortening fraction and left atrial 
size were recorded in a standard manner from the M-mode 
echocardiogram in accordance with the American Society 
of Echocardiography recommendations. Chamber diameters 
are corrected for body surface area and expressed as cmlm2 • 
Left atrial enlargement was defined as left atrial size greater 
than 2.2 cmlm2 . 
Results 
Pacing mode. Physiologic pacing. There was no sig-
nificant difference in flow velocity integrals obtained during 
sinus rhythm and physiologic pacing modes at similar heart 
rates. Optimal heart rate and A V delay settings differed 
from patient to patient. In general, A V delay settings be-
Figure 2. Continuous pulsed Doppler velocity re-
cording from the left ventricular outflow tract. The 
first three beats are sinus rhythm (NSR), the next 
three are ventricular paced (V. Pace) beats. Note 
the instantaneous decrease in stroke volume with 
the onset of ventricular pacing. 
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tween 75 and 175 ms resulted in the maximal flow velocity 
integrals. There were two patients, however, in whom A V 
delay settings of 200 ms resulted in maximal flow velocity 
integrals. A V delay settings of 50 ms frequently resulted in 
decreased flow velocity integrals. 
As expected, there was an inverse relation between heart 
rate and relative stroke volume (that is, the lower the heart 
rate, the higher the flow velocity integral). Correcting these 
values for heart rate and, hence, for relative cardiac output 
would enable determination of optimal rate settings. 
Ventricular pacing. Ventricular pacing did result in a 
significant (p < 0.001) decrease in flow velocity integral 
from 12.6 ± 6.4 to 9.9 ± 5.7 when compared with phys-
iologic pacing at identical heart rates (Fig. 1). Decreases in 
flow velocity integrals with ventricular pacing versus phys-
iologic pacing ranged from 0 to 43% (mean decrease 21.3%). 
Changes in flow velocity integrals with ventricular pacing 
were usually seen by the first beat of asynchronous pacing 
(Fig. 2). In 5 patients, no significant difference in stroke 
volume was seen with ventricular pacing; in 7 patients stroke 
volume decreased by 7 to 14% and in 14 patients it decreased 
by 15 to 43% (Fig. 3). The presence of congestive heart 
failure or cardiac diagnosis did not correlate with effect of 
pacing mode. 
Left ventricular size and function. The relation of left 
ventricular diastolic diameter (mean 3.17 cmlm2) and left 
ventricular shortening fraction (mean 28.5%), as measured 
Figure 3. Typical pulsed Doppler spectral recording from the 
suprasternal notch during asynchronous ventricular (V) and atrio-
ventricular (A V) sequential pacing. This patient exhibits approx-
imately a 30% increase in flow velocity integral with physiologic 
pacing. 
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by echocardiography to the percent change in Doppler-mea-
sured flow velocity integral with ventricular pacing, was 
analyzed to determine whether either of the variables might 
be helpful in predicting which patients might benefit from 
physiologic pacing. No correlation was found between left 
ventricular size (Fig. 4A) or function (Fig. 4B) and effect 
of pacing mode on flow velocity integral. 
Left atrial size. A significant inverse correlation (r = 
-0.6) was found between left atrial size and decrease in 
flow velocity integral with ventricular pacing (Fig. 5); that 
is, the smaller the left atrium, the greater the benefit of 
physiologic pacing. Figure 6 compares the effect of pacing 
mode in 12 patients with normal left atrial size and 14 with 
Figure 4. A, Comparison of percent decrease in the flow velocity 
integrals (FVI) with ventricular pacing and left ventricular (LV) 
diastolic (D) diameter (r = - 0.2). B, Comparison of relation 
between percent decrease in the flow velocity integrals with ven-
tricular pacing and left ventricular shortening fraction (r = 0.1). 
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Figure 5. Comparison of percent decrease in the flow velocity 
integral (FYI) with ventricular pacing and left atrial (LA) size 
(r = -0.6). 
left atrial enlargement. Patients with normal left atrial size 
were significantly (p < 0.0(01) more sensitive to loss of 
A V synchrony, with measured flow velocity integral show-
ing a decrease of 32 ± 11 % with ventricular pacing com-
pared with a decrease of only 11 ± 13% in patients with 
left atrial enlargement. Importantly, only one patient with 
a normal-sized left atrium had a decrease in flow velocity 
integral of less than 15% with ventricular pacing versus 
physiologic pacing. Only 2 of 14 patients with left atrial 
enlargement showed decreases in flow velocity integral of 
greater than 14% with ventricular pacing. Both patients had 
severe left ventricular dysfunction and decreased cardiac 
output. 
Discussion 
Importance of atrial systole. Gesell (I) in 1911 first 
established the importance of atrial systole, showing that 
atrial contraction can augment ventricular filling and stroke 
volume by as much as 50%. Wiggers and Katz (24) showed 
that the magnitude of the effect of atrial systole depended 
on the timing of atrial contraction in diastole as well as the 
vigor of atrial contraction. Mitchell et al. (4), using an 
electromagnetic flow meter, showed that loss of atrial con-
tribution resulted in an average decrease in effective stroke 
volume of20%. Although several previous studies (3, 11,13) 
suggested that patients with left ventricular dysfunction might 
benefit more from maintenence of A V synchrony, Samet 
et al. (8) clearly demonstrated that atrial systole is an im-
portant contributor to stroke volume in the normal ventricle. 
Active atrial transport is important not only to enhance ven-
tricular filling, but also to facilitate A V valve closure. 
The most recent guidelines of the Joint American College 
of Cardiology/American Heart Association Subcommittee 
on Pacemaker Implantation (25) state that physiologic de-
vices should be used in patients "requiring atrial contri-
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Figure 6. Decrease in the flow velocity integral (FYI) seen with 
ventricular pacing in patients with normal left atrial size versus 
those with left atrial enlargement. Note that only one patient with 
normal left atrial size had less than a 15% decrease in stroke volume 
with ventricular pacing. 
bution for hemodynamic benefit. " Identifying this group of 
patients, however, without invasive hemodynamic studies 
has been based largely on subjective assessment of clinical 
status. 
Pacemaker evaluation by Doppler echocardiography. 
The estimation of cardiac output by Doppler echocardiog-
raphy has shown good correlation with the invasive tech-
nique in our laboratory and others (17-23). Schuster and 
Nanda (26) first reported the usefulness of evaluating the 
relative hemodynamic effects of pacing with Doppler flow 
velocity integrals. More recently, Stewart et al. (27) re-
ported a 19% augmentation in cardiac output with physio-
logic versus VVI pacing using Doppler ultrasound. They 
found that the presence of ventriculoatrial conduction or 
pacemaker syndrome might indicate patients who would 
benefit the most from DDD pacing. Echocardiographic mea-
surements of left atrial and left ventricular size were not 
reported. The 21 % decrease in cardiac output with ventric-
ular pacing versus physiologic pacing seen in our study 
group is similar to the data of Stewart et al. (27) as well as 
those of previous invasive studies (6,8-10). 
Proposed mechanism. In our study, the data suggest 
that neither left ventricular size nor function correlates with 
the decrease in stroke volume seen with the loss of A V 
synchrony. However, the presence of left atrial enlargement 
separated a group of patients who appeared to be signifi-
cantly less sensitive to the presence or absence of A V syn-
chrony. The most likely explanation for this is that an en-
larged, increasingly compliant left atrium cannot generate 
as vigorous a booster pump action to significantly contribute 
to ventricular filling. 
Hemodynamic studies (28-32) in patients with atrial fi-
brillation converted to sinus rhythm show minimal improve-
ment in cardiac output at rest if the preexisting ventricular 
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rate is less than lOO/min. The vast majority of these patients 
have left atrial enlargement (33,34) and it is attractive to 
speculate that this phenomenon is similar to that observed 
in our group. 
Limitations of the study. The duration of left atrial 
enlargement was not analyzed in this study but is probably 
an important factor in the effectiveness of atrial systole. 
Likewise, no attempt was made to evaluate the important 
contribution of left ventricular diastolic compliance. Sys-
tematic sampling of transmitral diastolic flow by Doppler 
echocardiography in these patients might help answer this 
question. 
Clinical implications. It is clear that not all patients 
receive the same benefit from maintenance of A V syn-
chrony. Further study of these methods during exercise as 
well as on a long-term basis is of current interest. We believe 
that a simple marker such as echocardiographically mea-
sured left atrial size and the practical utility of Doppler 
echocardiographic measurement of optimal pacing mode 
may be helpful in tailoring the choice of pacemaker to the 
individual patient. 
We gratefully acknowledge the technical assistance of Kathleen Habermehl 
and Denise Windhorst as well as the secretarial expertise of Patrice Thi-
bodeau and Susan Lange in the preparation of this manuscript. 
References 
I. Gesell RA. Auricular systole and its relation to ventricular output. 
Am 1 Physiol 1911;29:32-63. 
2. Segel N, Samet P. Physiologic aspects of cardiac pacing. In: Samet 
P, EI-Sherif N, eds. Cardiac Pacing. New York: Grune & Stratton, 
1980:111-47. 
3. Braunwald E, Frahm CJ. Studies on Starling's law of the heart. Cir-
culation 1961;15:633-42. 
4. Mitchell JH, Gupta DN, Payne RM. Influence of atrial systole on 
effective ventricular stroke volume. Circ Res 1965; 17: 11-8. 
5. Gilmore JP, Sarnoff SJ, Mitchell JH, Lindon RJ. Synchronicity of 
ventricular contraction: observations comparing haemodynamic effects 
of atrial and ventricular pacing. Br Heart J 1963;25:299-307. 
6. Benchimol A, Duenas A, Liggett MS, Dimond EG. Contribution of 
atrial systole to the cardiac function at a fixed and at a variable ven-
tricular rate. Am J Cardiol 1965;16:11-21. 
7. Carleton RA, Passovoy M, Graettinger JS. The importance of the 
contribution and timing of left atrial systole. Clin Sci 1966;30:151-9. 
8. Samet P, Castillo C, Bernstein WHo Hemodynamic consequences of 
sequential atrioventricular pacing. Am J Cardiol 1968;21:207-12. 
9. Leinbach RC, Chamberlain DA, Kastor JA, Harthorne JW, Sanders 
CA. A comparison of the hemodynamic effects of ventricular and 
sequential A-Y pacing in patients with heart block. Am Heart J 
1969;78:502-8. 
10. Samet P, Bernstein WH, Nathan DA, Lopez A. Atrial contribution 
to cardiac output in complete heart block. Am J CardioI1965;16: 1-10. 
II. Benchimol A, Ellis JG, Dimond EG. Hemodynamic consequences of 
atrial and ventricular pacing in patients with normal and abnormal 
hearts. Am J Med 1965;39:911-22. 
12. Benchimol A. Significance of the contribution of atrial systole to 
cardiac function in man. Am J Cardiol 1969;23:568-71. 
JACe Vol. 6, No. I 
July 1985: 196--200 
13. Rahimtoola SH, Ehsani A, Sinno MZ, Loeb HS, Rosen KM, Gunnar 
RM. Left atrial transport function in myocardial infarction. Am J Med 
1975;59:686-94. 
14. Sutton R, Citron P. Electrophysiological and haemodynamic basis for 
application of new pacemaker technology in sick sinus syndrome and 
atrioventricular block. Br Heart J 1979;41:600-12. 
15. Cohen SI, Frank HA. Preservation of active atrial transport. Chest 
1982;81:51-4. 
16. Kruse I, Amman K, Conradson TB, Ryden L. A comparison of the 
acute and long-term hemodynamic effects of ventricular inhibited 
and atrial synchronous ventricular inhibited pacing. Circulation 
1982;65:846-55. 
17. Huntsman LL, Gams E, Johnson CC, Fairbanks E. Transcutaneous 
determination of aortic blood-flow velocities in man. Am Heart J 
1975;89:605-12. 
18. Magnin PA, Stewart JA, Myers S, von Ramm 0, Kissle JA. Combined 
Doppler and phased-array echocardiographic estimation of cardiac 
output. Circulation 1981 ;63:388-92. 
19. Steingart RM, Meller J, BartlVick J, Patterson R, Herman MY, 
Teichholz LE. Pulsed Doppler echocardiographic measurement of beat-
to-beat in stroke volume in dogs. Circulation 1980;62:542-8. 
20. Sequeira RF, Light LH, Cross G, Raftery EB. Transcutaneous aor-
tovelography. Br Heart J 1976;38:443-50. 
21. Goldberg SJ, Sahn DJ, Allen HD, Valdes-Cruz LM, Hoenecke H, 
Carnahan Y. Evaluation of pulmonary and systemic blood flow by 2-
dimensional Doppler echocardiography using fast Fourier transform 
spectral analysis. Am J Cardiol 1982;50:1394-400. 
22. Elkayam U, Gardin JM, Berkley R, Hughes CA, Henry WL. The use 
of Doppler flow velocity measurement to assess the hemodynamic 
response to vasodilators in patients with heart failure. Circulation 
1983;67:377-82. 
23. Labovitz AJ, Buckingham TA, Habermehl K, Nelson J, Kennedy HL, 
Williams GA. The effects of sampling site on the two dimensional 
echo Doppler determination of cardiac output. Am Heart J 1985; 
109:327-32. 
24. Wiggers CJ, Katz LN. Contour of the ventricular volume curves under 
different conditions. Am J Physiol 1922;58:439-75. 
25. Frye RL, Collins JJ, DeSanctis RW, et al. Special report: guidelines 
for permanent cardiac pacemaker implantation, May 1984. J Am Coli 
Cardiol 1984;4:434-41. 
26. Schuster AH, Nanda NC. Doppler echocardiography and cardiac pac-
ing. PACE 1982;5:607-12. 
27. Stewart WJ, Dicola YC, Harthorne JW, Gillam LD, Weyman AE. 
Doppler ultrasound measurement of cardiac output in patients with 
physiologic pacemakers. Am J Cardiol 1984;54:308-12. 
28. Hecht HH, Osher WJ, Samuels AJ. Cardiovascular adjustments in 
subjects with organic heart disease before and after conversion of atrial 
fibrillation to normal sinus rhythm. J Clin Invest 1951;30:647-8. 
29. Martin RH, Lim ST, Yan Citters RL. Atrial fibrillation in the intact 
unanesthetized dog: hemodynamic effects during rest, exercise and 
beta blockade. J Clin Invest 1967;46:205-16. 
30. Graettinger JS, Carleton RA, Muenster JJ. Circulatory consequences 
of changes in cardiac rhythm produced in patients by transthoracic 
direct-current shock. J Clin Invest 1964;43:2290-302. 
31. Resnekov L. Hemodynamic studies before and after electrical con-
version of atrial fibrillation and flutter to sinus rhythm. Br Heart J 
1967;29:700-8. 
32. Mitchell JH, Shapiro W. Atrial function and the hemodynamic con-
sequences of atrial fibrillation in man. Am J Cardiol 1969;23:556-67. 
33. Henry WL, Morganroth J, Pearlman AS, et al. Relation between echo-
cardiographically determined left atrial size and atrial fibrillation. Cir-
culation 1976;53:273-9. 
34. Probst P, Goldschlager N, Selzer A. Left atrial size and atrial fibril-
lation in mitral stenosis. Circulation 1973;48:1282-3. 
